Daunorubicin (DNR) and its C-14 hydroxylated derivative doxorubicin (DXR) are clinically important antitumor anthracycline antibiotics (38) isolated from Streptomyces peucetius ATCC 29050 (3, 4, 6) . Studies of DNR and DXR production in this organism ( Fig. 1 ) have elucidated the organization and regulation of many of the biosynthetic genes (10, 13, 15, 25, 27, 32, 33, 37) , as well as the mechanism of antibiotic resistance (16, 24) and the regulation of DNR and DXR biosynthesis (11, 26, 30, 41) . Here we report the characterization of the dnrX and dpsY (formerly dnrY) genes situated between the dnmZ daunosamine biosynthesis and drrD self-resistance genes in the cluster of DXR biosynthesis genes ( Fig. 2A) . Although the deduced product of dpsY is not similar to enzymes with an established function, replacement of the wild-type copy in the 29050 strain with a mutant form resulted in the accumulation of a shunt product derived from an early intermediate of carbon chain assembly by the DNR-DXR polyketide synthase (15) . Thus, DpsY is a type of polyketide cyclase heretofore unrecognized as essential for the formation of 12-deoxyaklanonic acid, the product of the DNR polyketide synthase. DnrX, in contrast, appears to govern further metabolism of DNR and DXR to as yet uncharacterized products, some of which can be hydrolyzed back to these two anthracyclines upon acid treatment of culture extracts. Replacement of the wildtype copy of dnrX in the 29050 strain with a mutant form resulted in a threefold increase in the production of DXR, the most valuable of the two antitumor drugs, but had an insignificant effect on the amount of DNR produced.
MATERIALS AND METHODS
Bacterial strains, plasmids, and phages. Escherichia coli DH5␣ (36) and the pUC18 (45) , pSP72 (Promega, Madison, Wis.), and pSE380 (Invitrogen, Carlsbad, Calif.) plasmids were used for routine subcloning. The high-copy-number Streptomyces shuttle vector pWHM3 was from Vara et al. (43) . The Streptomyces strains, other plasmids, and C31-derived phages used in this study are listed in Table 1 .
Biochemicals and chemicals. Thiostrepton was obtained from S. J. Lucania at Bristol-Myers-Squibb (Princeton, N.J.). ε-Rhodomycinone (RHO) and DNR were obtained from Pharmacia & UpJohn (Milan, Italy), and aklanonic acid was a gift from M. Gerlitz (University of Wisconsin, Madison). Restriction enzymes and other molecular biology reagents were from standard commercial sources.
Media and other growth conditions. E. coli strains carrying plasmids were grown in Luria-Bertani medium (36) and were selected with ampicillin (100 g ml Ϫ1 ). S. peucetius strains were grown on ISP4 medium (Difco Laboratories, Detroit, Mich.) containing Difco yeast extract (10% [wt/vol] per liter) for sporulation. R2YE agar medium (19) was used in transformation experiments, and R2YE agar medium, without sucrose was used for infection of S. peucetius with C31 derivatives and for sporulation of Streptomyces lividans TK24 and the TK24 (C31) lysogen. The minimal medium (MM) of Hopwood et al. (19) was used to screen S. peucetius recombinant clones. S. peucetius strains were grown at 30°C in R2YE liquid medium for preparation of protoplasts and isolation of chromosomal DNA. KC515 derived from C31 and KC515-derived phages were propagated as described by Hopwood et al. (19) .
Isolation and in vitro manipulation of DNA. Plasmid DNA was isolated from bacterial cells with the Bio 101 kit (Vista, Calif.). Phage DNA was isolated with the Qiagen lambda kit (Chatsworth, Calif.). Total S. peucetius DNA was isolated by the protocol of Hopwood et al. (19) . Restriction endonuclease digestions and ligation used standard techniques (36) . DNA fragments for labeling and subcloning were isolated with the Qiaex (Qiagen) gel extraction kit. The conditions for phage DNA transfection and S. peucetius transformation were as described by Hopwood et al. (19) .
DNA sequencing. DNA sequencing was carried by the dideoxy chain termination method using single-stranded DNA as described previously (41) .
Southern analysis. Streptomyces chromosomal DNA was digested with restriction endonuclease enzymes for 4 h, electrophoresed in a 0.8% agarose gel overnight, and blotted to Hybond N membranes (Amersham, Chicago, Ill.) by capillary transfer (36) . Labelling, hybridization, and detection were carried out with the Genius1 nonradioactive DNA labelling kit (Boehringer Mannheim, Indianapolis, Ind.) according to the manufacturer's instructions.
Construction of the dnrX::aphII and dpsY::aphII mutants by insert-directed homologous recombination in S. peucetius. For phWHM281 (C31 derivatives in this work are prefixed with "ph"), a 3.3-kb BamHI fragment that included the dnrX and dpsY sequences was subcloned from cosmid pWHM335 into pUC18 to create pWHM279. A 1.0-kb SalI fragment containing the aphII kanamycin-neomycin resistance gene from pWHM249 was cloned blunt ended into the unique NcoI site of pWHM279 to create pWHM280 (Fig. 3) . The NcoI site is located at the beginning of the dnrX gene. A 4.3-kb BamHI fragment from pWHM280 containing a disrupted copy of the dnrX gene was subcloned into BamHI-and BglII-digested KC515 to give phWHM281. For phWHM283, the 1.0-kb SalI fragment from pWHM249 was cloned blunt ended into the unique EcoNI site of pWHM279, located within the open reading frame of the dpsY gene, to create pWHM282 (Fig. 3) . The 4.3-kb BamHI fragment of pWHM282 containing the disrupted copy of dpsY was cloned into BamHI-and BglII-digested KC515 to give phWHM283. In both constructs the tsr resistance gene of KC515 was replaced by the cloned fragments. Protoplasts of S. lividans TK24 were transfected with each of the phage constructs, and the phWHM281 and -283 recombinant phages were isolated from plaques by a convenient spot test method we developed (24) . The recombinant phages were characterized phenotypically as containing aphII and vph resistance genes as described previously (24) , and the presence of the cloned DNA was confirmed by restriction endonuclease digestion analysis.
The S. peucetius 29050 strain was infected with phWHM281 and phWHM283 on agar plates of the R2YE medium without sucrose (5 ϫ 10 7 spores and 1 ϫ 10 8 to 2 ϫ 10 8 phage) to allow phage multiplication and host sporulation. After 16 h the plates were overlaid with an aqueous neomycin solution to give a final concentration of 20 g ml
Ϫ1
; then, after further growth for 6 days until sporulation, the resulting colonies were replica plated on MM containing neomycin. Primary neomycin-resistant clones, were isolated and their phenotype was determined after a second round of single-colony isolation. Selection for phage integration or gene replacement was carried out on MM with neomycin (10 g ml . Construction of the dpsY expression plasmid. The dpsY gene was subcloned as a 1.6-kb SstI-SphI fragment from pWHM279 into vector pSP72 to create pWHM346. A 1.6-kb EcoRI-HindIII fragment containing dpsY was cloned from pWHM346 into pWHM3 to create pWHM347.
Determination of anthracycline production. S. peucetius strains were cultured in the APM seed and production medium (16) as described by Furuya and Hutchinson (11) . The cultures were acidified with oxalic acid, heated at 60°C for 45 min, adjusted to pH 8.5, and extracted with chloroform. The extract samples were concentrated to dryness in vacuo, and the residue was dissolved in methanol and analysed by thin-layer chromatography according to Otten et al. (31) . For analysis by high-performance liquid chromatography (HPLC), S. peucetius strains were inoculated into 25 ml of liquid R2YE medium with 40 g of kanamycin sulfate ml Ϫ1 in a 300-ml flask and incubated at 30°C and 300 rpm on a rotary shaker. After 2 days of growth, 2.5 ml of this culture was transferred to 25 ml of APM production medium. After 4 to 5 days of further growth, each culture was divided into two equal portions: one was acidified with 250 mg of oxalic acid and incubated at 30°C overnight and then extracted, and the other portion was immediately extracted without acidification. Cultures were extracted with an equal volume of acetonitrile-methanol (1:1, vol/vol) at 30°C and 300 rpm for 2 h. The extract was filtered and the filtrate was analyzed by HPLC. Reversephase HPLC was performed with a Vydac C18 column (4.6 by 250 mm; 5-m particle size) at a flow rate of 0.385 ml/min. The mobile phase A was 0.2% trifluoroacetic acid (Pierce Chemical Co.) in water, and mobile phase B was 0.078% trifluoroacetic acid in acetonitrile (J. T. Baker Chemical Co., Cleveland, Ohio). Elution was performed with a linear gradient from 20 to 60% phase B in phase A over 33 min and monitored with a diode array detector set at 488 nm (bandwith, 12 m). Aklanonic acid was determined by HPLC as described by Gerlitz et al. (14) .
Isolation and characterization of UWM5. The S. peucetius dpsY mutant was added to seed APM medium (12.5 ml) containing thiostrepton and neomycin (5 g of each per ml) and incubated for 17 h. A 0.2-ml aliquot of the seed culture was transferred to 20 flasks each containing 50 ml of APM medium with thiostrepton and neomycin (5 g of each per ml) and incubated at 30°C for 5 days. The cultures were combined and filtered, and the broth was extracted with ethyl acetate (three times with 1 liter each). The ethyl acetate-soluble fraction was evaporated under reduced pressure (Ͻ35°C) to give a residue (600 mg), which was subjected to silica gel column chromatography (Aldrich Chemicals, Milwaukee, Wis.; 1.0 by 50 cm) and eluted with CHCl 3 -methanol (MeOH) from 9:1 to 6:4 (vol/vol). The material eluted with CHCl 3 -MeOH from 7:3 to 6:4 (109 mg) was separated by gel filtration on a Sephadex LH-20 column (Pharmacia; 1.0 by 50 cm) by elution with MeOH, and a 44-mg portion of the material recovered in the fractions from 70 to 180 ml (85 mg) was purified by reverse-phase HPLC (Nova-Pak C 18 ; Waters, Milford, Mass.; 10 by 300 mm; flow rate, 2.5 ml/min; detection with UV at 290 nm; eluent, CH 3 Bioconversion of aklanonic acid, RHO, and DNR. Glycerol stock mycelium (50 ml) of the S. peucetius dpsY mutant was added to seed APM medium (12.5 ml) and incubated for 17 h. Then, 50 l of this seed culture was transferred to 25 ml of the APM production medium and incubated at 30°C for 48 h, after which aklanonic acid, RHO, or DNR was added to a final concentration of 20 to 28, 30, or 20 g ml
, respectively. The cultures were further incubated for 120 h, after which they were analyzed by thin-layer chromatography as described above.
Nucleotide sequence accession number. The nucleotide sequence reported here has been deposited in the GenBank/EMBL databases with accession number AF048833.
RESULTS
Analysis of the DNA sequences of the dnrX and dpsY genes. The dnrX and dpsY genes were cloned in a 3.3-kb BamHI segment from a primary cosmid clone containing the DNR and DXR biosynthesis genes of S. peucetius ATCC 29050 (31, 40) . Figure 2B shows the sequence of a 2,320-nucleotide (nt) portion of this segment from the first internal KpnI site and extending 12 nt past the last BamHI site, which is close to the 3Ј end of the drrD gene ( Fig. 2A) , to complete the dnrX open reading frame (ORF). The dpsY ORF most likely begins with a GTG at nt 239 (preceded by a probable ribosome binding site, GAGG), approximately 130 nt upstream of the divergently transcribed dnmZ gene (32) (the first 10 residues of DnmZ are shown in Fig. 2B ), and ends with a TGA stop codon at nt 1055. DpsY therefore should have a molecular weight of 29,320 (excluding the formylmethionine [fMet]) and an isoelectric point of 4.93. Correspondingly, the dnrX ORF should begin with an ATG at nt 1110 and end with a TGA at nt 2319; the DnrX protein should have a molecular weight of 45,176 (excluding the fMet) and an isoelectric point of 5.32. The drrA and drrB DNR and DXR resistance genes (16) and drrD, a putative resistance gene (1), lie immediately downstream of dnrX ( Fig. 2A) .
Comparisons of the deduced amino acid sequences of the dnrX and dpsY gene products using the Blastn and Blastp subsets (2) of the NCBI database revealed that DnrX is closely related to the following five proteins of unknown function: 65 and 66% identical, respectively, to the hypothetical products of two ORFs (GenBank no. U84349 and U84350) from different strains of Amycolatopsis orientalis; 86% identical to the hypothetical product of ORF2 from the daunorubicin-producing Streptomyces griseus strain (21); and 33% identical to the hypothetical products of two ORFs from Synechocystis sp. (GenBank no. D90901 and D90903). DnrX also is 34% identical to ORF3 from the cluster of erythromycin biosynthesis genes in Saccharopolyspora erythraea (17) . This gene has recently been renamed eryBIII since it is required for the synthesis of mycarose, one of the deoxysugars of erythromycin A, and is thought to encode a C-methyltransferase (12, 12a, 22) . DpsY is very similar (72% by GAP analysis [8] ) only to the deduced products of ORFs from the clusters of genes for the biosynthesis of chlorotetracycline in Streptomyces aureofaciens (data not shown; 35) and oxytetracycline in Streptomyces rimosus (otcD4) (20) , whose functions also are unknown. Effect of insertional inactivation of dnrX and dpsY. To examine whether the dnrX and dpsY genes were vital for the production of DNR and DXR, each gene was replaced in the wild-type strain with a mutant copy resulting from insert-directed, homologous recombination of DNA carrying an antibiotic resistance gene. The phWHM281 and phWHM283 recombinant derivatives of KC515 (5) were constructed as described in Materials and Methods to insert the aphII neomycin-kanamycin resistance gene from pWHM249 into the unique NcoI site of dnrX and the EcoNI site of dpsY (Fig. 2B) , respectively. After infection of S. peucetius 29050 with each of the recombinant phages, clones resistant to neomycin and viomycin (113 from phWHM281 and 198 from phWHM283), as well as resistant to neomycin only (24 from phWHM281 and 42 from phWHM283), were identified. A large proportion of the clones were resistant to neomycin only, suggesting that many of the recombinants had resulted from double-crossover events, either following the initial single-crossover recombination producing neomycin-and viomycin-resistant strains or occurring essentially simultaneously, as observed in our previous gene disruption/replacement experiments with Streptomyces hygroscopicus (23) . The neomycin-resistant WMH1650 and WMH1655 strains were chosen as representative of clones with disrupted dnrX and dpsY genes, respectively. Southern analysis of the DNA from the WMH1650 and WMH1655 clones was performed to establish the genomic structure of each mutant in the dnrX and dpsY regions, respectively. When BglII-digested DNA from the WMH1650 and WMH1655 strains was probed with the 1.0-kb PstI-BamHI fragment of pFDNeoS containing the aphII gene, 4.9-and 4.2-kb BglII fragments between the BglII sites of the aphII gene (Fig. 3) and dnmV ( Fig. 2A) were detected, confirming the presence of disrupted copies of the dnrX and dpsY genes in the chromosomes of the WHM1650 and WMH1655 strains, respectively (data not shown).
The amounts of metabolites obtained from extraction of acidified cultures are indicated in Table 2 for the WMH1650 dnrX::aphII and WMH1655 dpsY::aphII mutants. No metabolites were detected when the culture of the dpsY mutant was extracted at pH 8.5, but at pH 6, one principal metabolite was found, UWM5 (Fig. 1 ). Its UV, 1 H, and 13 C NMR and FABMS data (Materials and Methods) are consistent with the C-19 ethyl homolog of SEK43 (28, 29) . The chemical shifts of most of the protons and carbons in UWM5 and SEK43 were nearly identical when their NMR spectra were obtained under the same conditions, but the signal for the C-19 methyl group of SEK43 was replaced by two new resonances at 2.34 ( 1 H) and 25.9 ( 13 C) ppm for the C-20-CH 2 group and at 1.00 ( 1 H) and 15.1 ( 13 C) ppm for C-21-CH 3 . UWM5 arises from incomplete cyclization of the propionate-derived decaketide precursor of 12-deoxyaklanonic acid, similar to the formation of SEK43 from an acetate-derived decaketide in other systems (28, 29) . Hence, DpsY appears to be a polyketide cyclase that operates with the two other cyclases, DpsF (15, 29) and DpsH (14), as part of the components of the iterative polyketide synthase that makes the aromatic portion of DNR (15) . For this reason we have renamed dnrY (27) dpsY to be consistent with the nomenclature of the other 12-deoxyaklanonic acid biosynthesis genes. This deduction is consistent with the report that the S. griseus dpsY homolog appeared to govern an early step in the biosynthesis of leukaemomycin, a DNR analog (21) . Since introduction of pWHM1223 containing the S. peucetius dpsA-BEF genes (15) along with tcmJ and tcmM, two other type II polypeptide synthase genes from Streptomyces glaucescens, into the dpsY mutant did not result in the production of aklanonic acid or its C-21 desmethyl analog, we presume that the formation of these compounds by S. lividans(pWHM1223) transformants (14) results from the action of a dpsY homolog in the latter host.
The phenotype of the WMH1650 dnrX::aphII mutant is different from that of the wild-type strain but does not lead to a clear understanding of the role of the DnrX protein. WMH1650 produced no detectable amount or only traces of RHO, as did the 29050 strain (the latter normally produces RHO [ Table 3 ] in an amount greater than that of DNR, but did not in this experiment), and approximately threefold-more DXR than the amount isolated from the 29050 strain ( Table  2 ). The amounts of DNR in acidified cultures of the dnrX mutant and wild-type strains were almost the same, but considerably more 13-dihydro-DNR was produced by the dnrX mutant. Apparently, more C-13 carbonyl reduction occurs when DNR is not modified by the DnrX protein. Most notable is the fact that much more DNR was obtained from the acidtreated culture of the wild-type strain than from the nonacidified one, whereas acid treatment did not increase the amounts FIG. 3 . Insertional inactivation of the dnrX and dpsY genes. Restriction maps are shown for the BamHI fragment containing the dnrX and dpsY genes (in pWHM279), the disrupted dnrX gene (in pWHM280), and the disrupted dpsY gene (in pWHM282). Arrows indicate the relative directions of transcription of the dnrX, dpsY, and aphII genes. Restriction sites abbreviations: Ba, BamHI; Bg, BglII; Ec, EcoNI; Kp, KpnI; Nc, NcoI; Sp, SphI; Ss, SstI; and Xh, XhoI. of any of the metabolites isolated from the dnrX mutant cultures. These data suggest that a mutation blocking the function of dnrX prevents further metabolism of DNR to acid-sensitive compounds. In fact, two unknown anthracyclines, compounds X and Y, found only in the nonacidified culture of the wildtype strain, were not produced by the dnrX mutant (Table 2) . Baumycin A1 is an acid-sensitive C-4Ј glycoside of DNR (42) found in many DNR-producing microorganisms along with other types of baumycins (reviewed in reference 39), some of which have not been characterized. Production cultures are therefore routinely acidified before extraction to hydrolyze the baumycins and increase the recovery of DNR. Bioconversion of aklanonic acid, RHO, and DNR by the dpsY::aphII mutant. To confirm the above implication that dpsY governs one of the earliest steps in DXR biosynthesis, bioconversion experiments were carried out with three of its precursors as described in Materials and Methods. Aklanonic acid, RHO, and DNR were all converted to the end products of the pathway (Fig. 1) in the APM production medium (data not shown). This establishes that all of the genes for the steps beyond the formation of aklanonic acid are functioning in the dpsY mutant.
Expression of dpsY and dnrX in S. peucetius strains. The ability of the wild-type dpsY gene to complement the dpsY:: aphII mutation was tested in the WMH1655 strain. pWHM347 containing dpsY was made as described in Materials and Methods. This plasmid and the pWHM3 vector as a control were each introduced by transformation into the S. peucetius 29050 and WMH1655 dpsY::aphII mutant strains. The presence of the plasmids in the transformants was confirmed by analysis of the reisolated DNA by restriction enzyme digestion. Culture extracts from three transformants of each variant were analyzed for anthracycline production by HPLC. Although pWHM347 restored DNR and DXR production in the WMH1655 dpsY::aphII mutant, the levels of these and other metabolites were atypical in comparison with those of the wild-type strain (Table 3) . RHO was not found, and more DNR and especially DXR were produced. Considerably more 13-dihydro-DNR was found in the culture extracts of the transformants. Such behavior is characteristic of the phenotype of the dnrX mutant (Table 2 ) and could be caused by a polar effect of the dpsY::aphII mutation on expression of the dnrX gene. This belief was confirmed by observing that introduction of the dnrX and dpsY genes together (as pWHM226) into the dpsY mutant resulted in a phenotype like that of the wild-type strain (data not shown). The dpsY and dnrX genes therefore appear to be a single operon. (Mutation of the dpsY gene in an industrial strain by insertion of the aphII gene at a different location than in WMH1655 did not appear to have a polar effect on expression of dnrX.) No differences in the production of anthracycline metabolites were observed when pWHM3 and pWHM347 were each introduced into the wild-type strain (data not shown).
To complement the dnrX::aphII mutation of WMH1650, pWHM226 containing the 3.3-kb BamHI fragment with the wild-type dpsY and dnrX genes cloned into the BamHI site of pWHM3 was introduced by transformation into the WMH1650 strain, as was pWHM3 itself. HPLC analysis of extracts of the nonacidified cultures of representative transformants showed the reappearance of the two unknown, acid-sensitive compounds X and Y, while extracts of the control strain containing pWHM3 did not contain these unknown compounds (data not shown). 13-Dihydro-DNR was also not found in transformants containing pWHM226. These data confirm that the disappearance of the baumycin-like products and appearance of 13-dihydro-DNR in the WMH1650 strain is due to the disruption of dnrX.
DISCUSSION
The discovery that dpsY is an essential part of the multicomponent S. peucetius DNR-DXR polyketide synthase was unexpected since this gene is not clustered with the rest of the dps genes, and aklanonic acid is made by S. lividans TK24 and Streptomyces coelicolor CH999 containing only the DpsF cyclase gene in addition to the genes for the chain assembly (DpsABCD) and ketoreduction (DpsE) enzymes (14, 34) . (The dnrG oxidase for conversion of 12-deoxyaklanonic acid to aklanonic acid is not necessary in these heterologous hosts [14, 34] .) Recent evidence that the dpsH gene is also important (14) along with the information about dpsY reported here leads us to propose that DpsF catalyzes only the dehydration and cyclization associated with formation of the first ring, which is consistent with its strong sequence similarity to the cyclasedehydratase (aromatase) enzymes of other iterative polyketide synthases (15) . DpsH and DpsY appear to be more important for the second and third cyclizations, which result in the formation of the tricyclic 12-deoxyaklanonic acid (Fig. 1) because the presence of either enzyme suppresses (14) or avoids (vide supra) the formation of incompletely cyclized shunt products like SEK43 and UWM5. Chloro- (35) and oxytetracycline (20) biosyntheses are the only other systems that utilize dpsY homologs, yet neither of these gene clusters have dpsH homologs. The polyketide synthase genes in the oxytetracycline producer also appear to be broken up into different, nonadjacent subclusters (20) . It is not clear which steps in oxy-and chlorotetracycline biosynthesis parallel the one governed by DpsY since even though the tetracyclic frameworks of anthracyclines and tetracyclines are different, the folding and cyclization patterns leading to tricyclic intermediates are identical among the three systems.
The role of dnrX is more of an enigma than that of dpsY. DnrX homologs in three other bacterial species are also associated with antibiotic production. For instance, in A. orientalis, these homologs are purported to be involved in the synthesis of the sugar components of the glycopeptide antibiotic chloroeremomycin (GenBank no. U84349 and U84350). Although the eryBIII gene (formerly ORF3) of S. erythraea governs a step in mycarose biosynthesis (12, 12a, 22, 44) , it is not clear how this information can be related to a function for dnrX, especially if it encodes some type of methyltransferase. The dnrX gene clearly is not required for daunosamine biosynthesis or attachment to RHO to form rhodomycin D (Fig. 1 ), yet the acid sensitivity of the anthracycline antibiotics made by the dnrX ϩ strain is consistent with the presence of carbohydrate-derived moieties, as in the case of baumycin A1 (42; reviewed in reference 39). Whatever their nature, the increased production of DXR by the dnrX mutant (Table 2 ) implies that such compounds may not be good substrates for the DoxA CYP450 hydroxylase, which converts DNR to DXR and is thought to be ineffective with baumycin-like compounds (9) . But it is unlikely that these uncharacterized metabolites are simply DXR glycosides, analogous to baumycin A1, because they should have been converted to DXR upon acidification of the wild-type culture. In this regard, the dnrH gene has also been implicated in the formation of baumycin-like compounds and its disruption increased the yield of DNR considerably, whereas the DXR titer was raised only slightly (37) . Comparison of the effects of acid treatment of cultures of the dnrH and dnrX strains grown in two different media by HPLC analysis revealed only slight differences in the profile of acid-sensitive metabolites produced, apart from the distinctly different amounts of RHO and DXR produced by these mutants. Hence, although we have demarcated the roles of dnrH and dnrX in Fig. 1 , dnrX probably affects more steps than the one indicated. The lack of adequate information prevents further speculation about the role of dnrX and the reason for the threefold increase in DXR production in the dnrX mutant.
